Most animals exhibit innate auditory behaviors driven by genetically hardwired neural circuits. In Drosophila, acoustic information is relayed by Johnston organ neurons from the antenna to the antennal mechanosensory and motor center (AMMC) in the brain. Here, by using structural connectivity analysis, we identified five distinct types of auditory projection neurons (PNs) interconnecting the AMMC, inferior ventrolateral protocerebrum (IVLP), and ventrolateral protocerebrum (VLP) regions of the central brain. These auditory PNs are also functionally distinct; AMMC-B1a, AMMC-B1b, and AMMC-A2 neurons differ in their responses to sound (i.e., they are narrowly tuned or broadly tuned); one type of audioresponsive IVLP commissural PN connecting the two hemispheres is GABAergic; and one type of IVLP-VLP PN acts as a generalist responding to all tested audio frequencies. Our findings delineate an auditory processing pathway involving AMMC→IVLP→VLP in the Drosophila brain.
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calcium imaging | FlyCircuit | GFP reconstitution across synaptic partners | polarity A uditory systems are critical to the behavior of many insects. In Drosophila melanogaster, acoustic communication is essential for making decisions related to mate selection (1) (2) (3) (4) . During courtship, male flies flap one wing to produce a complex pattern of airborne vibrations comprising sine song and pulse song (5, 6) . The pulse song enables the female to determine whether her suitor is of the same species (7) . Courting males also monitor their own sounds to fine tune the courtship song (8) . The courtship song is detected by auditory sensory neurons linking the Johnston organ (JO) at the second antennal segment to the antennal mechanosensory and motor center (AMMC) zones AB in the brain (9) (10) (11) (12) . It has been shown that the transient receptor potential vanilloid channels (Inactive and Nanchung) and a no mechanoreceptor potential C TRP channel expressed in JO-AB neurons are essential for normal acoustic transduction (13) (14) (15) (16) .
Four different projection neurons (PNs) innervating the AMMC zones AB have been reported based on Gal4 expression patterns (12) . The giant fiber neuron links AMMC zone A to the inferior ventrolateral protocerebrum (IVLP; a brain region defined by immunostaining of synaptic proteins) and thoracic ganglia; AMMC-A1 neuron connects AMMC zone A and the IVLP; AMMC-B1 neuron links AMMC zone B to the IVLP; and AMMC-B2 neurons are commissural neurons connecting AMMC zone B in both hemispheres. The intense innervations of the IVLP suggest that the IVLP functions as a second-level auditory processing center (12) . More recently, stochastic labeling of 16,000 single neurons in the entire fly brain revealed that many AMMC PNs terminate at the caudoventrolateral protocerebrum (CVLP; a brain region analogous to IVLP and defined by clustered local neurons) (17) , suggesting that the IVLP/CVLP region may be involved in auditory functions. However, a structural and functional map of cell-to-cell connectivity is first required to determine the direction of information flow, and to understand how auditory signals are represented and processed in the brain to orchestrate corresponding behaviors. In this study, we combined neural tracing with photoactivatable GFP (PaGFP) and visualized physical contact between neurons with GFP reconstitution across synaptic partners (GRASP) to construct a map of structural connections among the AMMC, IVLP, and ventrolateral protocerebrum (VLP). Moreover, the directions of information flow in this map were determined by polarity analysis and functional imaging.
Results
Brain Centers Processing Auditory Information. We started by identifying the major AMMC neural tracts by using PaGFP expression in living flies in which Cha-Gal4 drives the expression of UAS-PaGFP and UAS-mKO in approximately 60% of the total brain neurons (17, 18) . By using Monomeric Kusabira Orange (mKO) fluorescence to identify brain structures, we photoactivated the PaGFP in a 3D region of interest with a two-photon laser to localize the 810-nm light with submicrometer precision (19) . This procedure allowed us to trace all Cha + fibers linking to the region of interest by anterograde and retrograde diffusion of the activated PaGFP molecules. We found that a single bundle of Cha + fibers linked the photoactivated AMMC region to the two IVLP regions in both brain hemispheres (Fig. 1A) , similar to the morphology of the AMMC-B1 neurons (12) . We then performed localized photoactivation at the IVLP. Consistent with the previous finding, Cha + fibers formed bundles linking the photoactivated IVLP region to the contralateral IVLP and the two AMMC regions in both brain hemispheres. An additional ascending neural tract linking ipsilateral IVLP and VLP was also identified (Fig. 1B) . By using the 3D reconstruction of the standard brain model in the FlyCircuit database (17) , spatial relationships between the PaGFP traced tracts were illustrated (Fig.  1C) . Note that the VLP region in FlyCircuit is analogous to the brain region of AVLP plus PVLP in the Flybrain Neuron Database (20) . These results lead to the conclusion that the AMMC-B1 neurons are the major second-level neurons, and a cluster of third-level neurons connecting the IVLP to the VLP was additionally revealed (Fig. 1C) .
To determine whether Cha + neurons in the AMMC and IVLP were responsive to acoustic stimuli, we performed functional imaging by using a genetically encoded calcium sensor GCaMP1.6 driven by Cha-Gal4 (21) . A calcium wave in response to all test sound frequencies (100 Hz, 300 Hz, 700 Hz, and pulse song) was observed in the Cha + neurons of the AMMC and IVLP but not the antennal lobe (AL; Fig. S1 A-C). In the control experiment, GCaMP activation in response to an odorant (3-octanol) was observed in the AL but not the AMMC and IVLP.
in the AMMC-B1 neurons ( Fig. 2A) . Functional imaging of the IVLP region showed that all these AMMC-B1 neurons exhibited GCaMP activation in response to acoustic stimuli (Fig. 2B ). In total, we observed four different combinations of responses to 100 Hz, 300 Hz, 700 Hz, and pulse song stimuli. Type I (E0564, E0583, VT27938, and VT19992) was narrowly tuned for sensing low frequency of 100 Hz only. Type II (VT10277, VT45599, and VT20611) responded to 100 Hz and 300 Hz, but not 700 Hz or pulse song. Type III (VT26006, GH86) responded to 100 Hz, 300 Hz, and pulse song, but not 700 Hz. Type IV (VT30609) was broadly tuned for sensing all tested frequencies.
VT30609-Gal4 was expressed in two separate AMMC neural tracts, suggesting that this driver may contain more than just AMMC-B1 neurons (Fig. 2) . By using flip-out labeling to visualize individual neurons (22), we found that VT30609-Gal4 also contained AMMC-A2 neurons that projected bilaterally via a ventral neural tract to extend dendrites into AMMC zone A in both hemispheres and axonal terminals in the ipsilateral IVLP ( Fig. 2 and Fig. S2B ). Monitoring the GCaMP activation of AMMC-A2 neurons in the ventral neural tract to avoid interference from the AMMC-B1 neurons, we found that the AMMC-A2 neurons exhibited broadly tuned sensitivity to all tested frequencies (Fig.  S3 and Table S1 ). Single-cell imaging revealed that, regardless of functional diversity, the AMMC-B1 neurons were isomorphic in all 5 Gal4 lines examined ( Fig. S2A ): E0564-Gal4 (9 ± 4 neurons, n = 15), E0583-Gal4 (11 ± 4 neurons, n = 10), VT45599-Gal4 (10 ± 2 neurons, n = 5), VT26006-Gal4 (6 ± 1 neurons, n = 5), and VT30609-Gal4 (9 ± 2 neurons, n = 15).
To elucidate the direction of information flow, we used Dscam::GFP as a dendrite marker (23) and synaptotagmin (syt):: GFP as an axon terminal marker (24) to unravel the polarity of AMMC PNs. In all cases, we found that Dscam::GFP signals were located in the AMMC and syt::GFP signals were located in the IVLP (Fig. 2C) . Thus, these AMMC-B1 neurons and AMMC-A2 neurons likely receive and relay auditory information from the AMMC to the IVLP.
Next, we used GRASP (25) to test whether these isomorphic AMMC-B1 neurons connected to distinct types of JO neurons. We used L5219-LexA expressed in a small subset of JO neurons to drive lexAop-spGFP 11 , and various Gal4s expressed in AMMC-B1 neurons to drive UAS-spGFP [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] (Fig. S4A ). When paired with L5219-LexA, GRASP signals were observed in the AMMC in VT45599-, VT26006-and VT30609-Gal4s (Fig. S4 B-D) , but not in E0564-and E0583-Gal4s (Fig. S4 E and F) . These results indicate that AMMC-B1 neurons with diverse auditory responses and JO connectivities can be further classified into two subtypes: AMMCB1a (in E0564-and E0583-Gal4s), which are narrowly tuned for sensing only 100 Hz stimulus, and AMMC-B1b (in VT45599-, VT26006-, and VT30609-Gal4s), which are more broadly tuned for sensing 100-Hz and 300-Hz but not 700-Hz stimuli (Table S1 ).
IVLP-IVLP PNs. We next examined commissural PNs linking the left and right IVLPs in VT50245-Gal4 (Fig. 3A) . Single-cell imaging with flip-out labeling indicated that VT50245-Gal4 contained IVLP-IVLP PNs with cell bodies located in the ventral-medial subesophageal region and sending bilateral projections to both IVLPs (Fig. 3B) . Immunolabeling of VT50245-Gal4 neurons showed that the IVLP-IVLP PNs, but not their neighboring cells or olfactory PNs, were anti-GABA immunopositive ( Fig. 3C and Fig. S5 ). These IVLP-IVLP neurons were immunonegative for antibodies against vesicular glutamate transporter and serotonin (Fig. S5) . Polarity analysis showed strong Dscam::GFP and syt:: GFP signals in both IVLPs (Fig. 3D) . To examine structural connections, we used L5055-LexA-containing AMMC-B1 neurons for two-color labeling and GRASP analysis (Fig. S6A) . We first examined whether AMMC-B1 neurons in L5055-LexA were directly connected to nan-Gal4 neurons that include most if not all JO neurons and innervate all AMMC zones (Fig. S6B) (12) . Positive GRASP signals between L5055-LexA and nan-Gal4 neurons were detected in the AMMC (Fig. S6C) . These L5055-LexA neurons belonged to the AMMC-B1b neurons because they responded to 100-Hz and 300-Hz stimuli and pulse song, but not 700-Hz stimuli (Fig. S6D) . Direct connections between AMMCB1b neurons and IVLP-IVLP PNs in the IVLP were observed by two-color labeling (Fig. 3E, Inset) , and GRASP signals (Fig. 3E) . Consistently, functional imaging also indicated that these IVLP-IVLP PNs were responsive to 100 Hz and 300 Hz stimuli and pulse song, but not 700 Hz stimuli (Fig. 3F) .
IVLP-VLP PNs. PaGFP photoactivation revealed a short neural tract projecting dorsally from the IVLP to a small region in the VLP. By analyzing the expression patterns of 4945 Gal4 drivers, we found that VT34811-Gal4 was specifically expressed in a cluster of neurons with cell bodies located between the optic lobe and the central brain, sending extensive fibers to the IVLP and a short neural tract projecting dorsally to the VLP (Fig. 4A) . Single-cell imaging with flip-out labeling confirmed that VT34811-Gal4 contained only one type of IVLP-VLP PN (Fig. 4B) . These IVLP-VLP PNs had putative dendrites labeled by Dscam::GFP in the IVLP and axons labeled by syt::GFP in the VLP (Fig. 4C) . Two-color labeling showed extensive intersections between dendrites (magenta) of the IVLP-VLP PNs and axonal terminals (green) of the AMMC-B1 neurons in the IVLP (Fig. 4D, Inset) . Intense GRASP signals confirmed direct structural connections between the AMMC-B1 neurons and IVLP-VLP PNs (Fig. 4D) . Interestingly, functional imaging showed that these IVLP-VLP PNs were auditory generalists responsive to all tested acoustic stimuli (Fig. 4E) . Thus, the broadly tuned IVLP-VLP PNs likely receive signals from more than just AMMC-B1 neurons.
Other Putative Auditory Circuits. We classified the auditory circuit based on limited numbers of Gal4 lines by using PaGFP tracing, single-cell labeling, and functional imaging. To assess the completeness of this map, we examined the FlyCircuit database for putative auditory neurons innervating the AMMC or CVLP (17) . Eight additional candidate auditory neurons were identified (Fig.  S7) . Although further functional studies are needed, most of the AMMC PNs connect to the contralateral AMMC or the IVLP/ CVLP, supporting the previous prediction that IVLP/CVLP is the major second-level auditory processing center (12, 17).
Discussion
Our findings point to a model in which a central pathway relays auditory information from the AMMC zones AB to the two IVLPs and then to the ipsilateral VLP (Fig. 5 ). This conclusion is supported by three independent lines of evidence from structural and functional characterization of the involved neurons. First, polarities of all involved neurons are consistent with the proposed direction of auditory information flow. The AMMC-B1 (B) Calcium responses in the IVLP in Gal4s>UAS-GCaMP1.6 flies. Each value represents mean ± SEM (n = 5-8) for the ratio of peak amplitudes before and after acoustic stimuli (ΔF/F%; *P < 0.05, **P < 0.01, and ***P < 0.001). (C) Axon-dendrite polarity analysis in Gal4s>UAS-Dscam::GFP;UAS-mKO and Gal4s>UAS-syt:: GFP;UAS-mKO flies. In all cases, AMMC PNs project Dscam fibers into the AMMC (yellow dotted circle) and synaptotagmin fibers into the IVLP (white dotted circle). Green, GFP; magenta, mKO. (Scale bars, 50 μm.) neurons and AMMC-A2 neurons had their dendrites in the AMMC and axon terminals in the IVLP (Fig. 2C) . The IVLP-IVLP PNs had both dendrites and axon terminals in both IVLPs (Fig. 3D) . The IVLP-VLP PNs had dendrites in the IVLP and axons in the VLP (Fig. 4C) . Second, two-color colocalization and GRASP visualization showed direct connections between JO neurons and AMMC-B1 neurons (Figs. S4 and S6) , between AMMC-B1 neurons and IVLP-IVLP PNs (Fig. 3E) , and between AMMC-B1 neurons and IVLP-VLP PNs (Fig. 4D) . Third, all PNs in the proposed pathway were auditory-responsive. Taken together, we show that auditory information is processed by three consecutive brain centers: AMMC→IVLP→VLP.
In mammals, sound waves are transformed into vibrations of liquid in the cochlea. Each hair cell converts only particular frequencies of sound vibrations to neural signals in specific zones of the cochlea (26, 27) . In flies, different frequencies of sound are detected by two groups of JO neurons (12) . The JO-A neurons respond to a wide range of sound frequencies, and JO-B neurons are only sensitive to low frequencies. Consistent with these observations, we found different types of AMMC PNs processing specific ranges of sound frequencies (Fig. 2B) . AMMC-B1a, AMMC-B1b, and AMMC-A2 neurons respond to 100 Hz, 100-300 Hz, and 100-700 Hz, respectively. Some but not all AMMCB1b neurons also responded to pulse song, suggesting that additional subtypes of AMMC-B1 neurons may exist.
In contrast to the olfactory sensory neurons projecting to paired ALs in both brain hemispheres (28) , JO neurons deliver auditory information only to the ipsilateral AMMC (29) . Putative GABAergic AMMC-AMMC PNs found in the Gad-Gal4 may be involved in an inhibitory function between the two AMMCs (Fig.  S7) . These audio signals then left the AMMC zones AB and projected into the IVLP via AMMC-B1 and AMMC-A2 neurons ( Fig. 2 and Fig S2) . A specific type of GABAergic commissural PNs innervates both IVLPs (Fig. 3) . Further experiments are needed to determine if these GABAergic neurons in the auditory pathways modulate gain control similar to the GABAergic local neurons in the AL of the olfactory system (30). Each value represents mean ± SEM (n = 11; *P < 0.05, **P < 0.01, and ***P < 0.001). (Scale bars, 50 μm.)
At the third level of the auditory circuit, we found that only one type of IVLP-VLP PN responded to a wide range of sound frequencies (100-700 Hz). VLP is composed of glomerular structures that receive visual inputs from the lobula (31) . A pheromonesensing circuit that expresses Gr32a also targets the VLP (32) . Furthermore, some JO neurons bypass AMMC to directly terminate at the ventrolateral brain (9), a neuropil region equivalent to CVLP plus VLP. Together, these findings suggest that VLP may act as a multimodality processing center to integrate visual, gustatory, and auditory information.
In conclusion, our findings establish a functional map of auditory circuits in the Drosophila brain. This auditory map suggests that narrowly and broadly tuned auditory reception by specific JO neurons are further represented in AMMC-B1a, AMMC-B1b, and AMMC-A2 neurons. Subsequent IVLP-VLP PNs then serve as generalists relaying all frequencies of auditory information to the VLP. These data form an essential foundation for further studies that will address the behavioral roles of these neurons, and explore how they are functionally integrated into the larger circuits that underlie these behaviors.
Materials and Methods
Fly Strains. Fly stocks were raised on standard cornmeal-yeast-agar medium at 25°C and 60% to 70% relative humidity under a 12/12-h light/dark cycle. Science, Peking University, Beijing, China), and hs-flp;CyO/Sp;UAS>rCD2, y+>mCD8::GFP was from Richard Axel (Department of Neuroscience and the Howard Hughes Medical Institute, College of Physicians and Surgeons, Columbia University, New York, NY). VT Gal4 lines were generated in the Dickson laboratory. The transgenic fly line UAS-mKO was generated in a Canton-S w 1118 (iso1CJ) background by using standard techniques. L5055-LexA was generated by remobilization of P{lexA-VP16.C}505 on the X chromosome (33) . For single-neuron imaging, offsprings of Gal4 lines crossed to hs-flp;CyO/Sp;UAS>rCD2,y+>mCD8::GFP were heat-shocked at 37°C for 10 min at larval or pupal stage.
PaGFP Photoactivation. Living brains freshly dissected from flies carrying ChaGal4/UAS-mKO,UAS-mKO;UAS-PaGFP transgenes were mounted in PBS solution. Before photoactivation, PaGFP produced weak fluorescence when excited with a 488-nm laser. We used UAS-mKO expression (red) to define a volume of interest slightly smaller than the target neuropil region. Photoactivation was performed by scanning from the top to the bottom slices of the defined volume by using a two-photon laser of 820 nm. For photoactivation of PaGFP in AMMC and IVLP, one session was approximately 10 consecutive slices at 1-μm intervals. In total, we performed 100 sessions with a rest interval of 10 s between any two sessions to prevent overheating the sample. Next, sample brains were fixed in 4% paraformaldehyde (vol/vol) at room temperature for 10 min, degassed with vacuum in PBS solution containing 2% Triton-X 100 (vol/vol), and then mounted in FocusClear (CelExplorer) for confocal imaging. Details of immunohistochemistry, image recording and processing, and calcium imaging are provided in SI Materials and Methods. 
